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Abstract. Coat proteins of ~100-kD (adaptins) are
components of the adaptor complexes which link
clathrin to receptors in coated vesicles. The o-adap-
tins, which are found exclusively in endocytic coated
vesicles, separate into two bands on SDS gels, desig-
nated A and C (Robinson, M. S., 1987. J. Cell Biol.
104:887-895). Two distinct cDNAs (sequences 1 and
2) encoding the two «-adaptins were cloned from a
mouse brain cDNA library. Southern blotting indicates
that there is one copy of each of the two «-adaptin
genes, and that there are no additional closely related
genes. Based on the size of the predicted protein prod-
ucts of the two genes (108 and 104 kD), the relative
abundance of the two messages in brain and liver, and

the reactivity of a sequence 1 fusion protein with
different antibodies, it was possible to conclude that
sequence 1 codes for A and sequence 2 for C. The
two protein sequences are strikingly homologous to
each other (84% identical amino acids), the major
difference being an additional stretch of 41 amino
acids, rich in prolines and acidic residues, inserted
into the COOH-terminal half of A. In situ hybridiza-
tion carried out on mouse brain sections indicates that
the same cell type may express both transcripts, but
that their relative expressions vary. Antipeptide anti-
bodies are now being raised to find out whether the
proteins are localized in functionally distinct popula-
tions of endocytic coated vesicles.

osT eukaryotic cells contain at least two types of
M clathrin-coated pits and vesicles. Coated vesicles

that bud from the plasma membrane are involved
in receptor-mediated endocytosis: they concentrate certain
receptors and their bound ligands, allowing these proteins to
be efficiently internalized. Endocytic coated vesicles also
participate in the recycling of secretory granule membrane,
and thus are particularly abundant in neuronal cells (Heuser
and Reese, 1973). A second type of coated vesicle is as-
sociated with the Golgi apparatus and is thought to play a
part in the targeting of newly synthesized proteins to lyso-
somes and secretory granules (Griffiths and Simons, 1986).

In addition to clathrin, receptors, and ligands, coated vesi-
cles contain clathrin-associated proteins, which have at vari-
ous times been called assembly proteins (Zaremba and
Keen, 1983), 100K/50K complexes (Pearse and Robinson,
1984), and, most recently, adaptors (Pearse, 1988). The
adaptors are believed to mediate the interaction between
clathrin and the cytoplasmic tails of receptors (reviewed by
Pearse and Crowther, 1987), and therefore to determine
which membrane proteins are to be recruited into a coated
vesicle for transfer to another membrane compartment of the
cell and which are to remain behind.

Two types of adaptors have so far been identified, called
HA-I and HA-II because of their relative elution from
hydroxylapatite columns (Pearse and Robinson, 1984). Both
have been shown to consist of a heterodimer of proteins of
~100 kD, recently named adaptins (Pearse, 1988), and two
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associated smaller proteins, all apparently at a 1:1:1:1 molar
ratio (Keen, 1987; Ahle et al., 1988). Each adaptor contains
one copy of a B-adaptin (8 or ) and one copy of a specific
adaptin: an a-adaptin in HA-II and a y-adaptin in HA-I (Ahle
et al., 1988). The a-adaptins are the best characterized so
far. Two major a-adaptin bands can be seen on SDS gels of
bovine brain HA-II adaptors, and these have been designated
bands A and C (band B, which runs in between the two
«-adaptin bands, is the -adaptin). A and C have been shown
to be closely related to each other on the basis of peptide
mapping, NH;-terminal sequencing, and monoclonal anti-
body cross-reactivity. However, while C appears to be ex-
pressed in all tissues, A has only been detected in brain
(Robinson and Pearse, 1986; Robinson, 1987).
Antibodies against the adaptins in the HA-II adaptor
provided the first clue that different adaptors might be found
in different types of coated vesicles. Cells that were stained
with polyclonal antisera which reacted with both «- and
3-adaptins showed labeling of both plasma membrane and
Golgi-associated coated vesicles, although different antisera
gave somewhat different patterns (Robinson and Pearse,
1986). However, cells that were stained with monoclonal an-
tibodies against the two «-adaptins (A and C), which did not
cross-react with 8, showed labeling exclusively of plasma
membrane-associated coated vesicles (Robinson, 1987).
Subsequently, Ahle et al. (1988) stained cells with monoclo-
nal antibodies they had raised against 3 and . They showed
that 3 is found in both Golgi and plasma membrane-associ-
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ated coated vesicles, while v occurs only in the Golgi subset
of coated vesicles. These results indicate that adaptor HA-II,
containing a heterodimer of 8 and either as or ac, docks
onto the plasma membrane, while HA-I, containing a hetero-
dimer of B’ and ¥, is targeted to the Golgi apparatus. Such
a mechanism could allow the cell to sort different sets of
receptors into coated vesicles budding from different mem-
brane compartments.

Many questions still remain to be answered. For instance,
what are the precise functions of the different proteins mak-
ing up the adaptor complexes? Are there additional types of
coated vesicles in the cell, and if so, do they contain different
adaptors? Why is there a special type of HA-II in brain, con-
taining A instead of C? Are A and C distinct gene products,
or are they alternatively spliced products of the same gene?
Are they localized in different cells, or in different parts of
the same cell?

As a first step toward addressing some of these questions,
I have cloned and sequenced mouse brain cDNAs coding for
adaptins a, and ac, the two related proteins found in the
HA-II adaptor. cDNA clones encoding a 8-adaptin have also
been isolated; these are now being sequenced and character-
ized by P. Parham and co-workers and will be described in
a subsequent paper.

Materials and Methods

Isolation and Characterization of Clones

Adaptins ca and ac were purified from bovine brain coated vesicles by Tris
extraction followed by a combination of gel filtration, hydroxylapatite chro-
matography, preparative gel electrophoresis, and SDS/hydroxylapatite chro-
matography, as described (Robinson and Pearse, 1986). The pooled A- and
C-containing fractions from the last column (~~500 ug protein) were dia-
lyzed against 20% ethanol containing 0.5 mM 2-mercaptoethanol, lyophi-
lized, and dissolved in 500 ul 70% formic acid. Proteolysis was carried out
with ~v5 mg CNBr for 4 h at room temperature, after which the sample was
lyophilized, dissolved in 100 u} 0.1% trifluoroacetic acid, and applied to a
C18 Nucleosil microbore HPLC column. The peptides were eluted with a
gradient of 0-50% CH3CN in 0.1% trifluoracetic acid, and the peak frac-
tions were collected manually. Sequencing was performed with a gas phase
sequencer (model 890B; Applied Biosystems, Inc., Foster City, CA) with
on-line HPLC identification of the phenylthiohydantoin-derivitized amino
acids.

Two separate mixed oligonucleotides were made for peptide 34 (see
Table I):

5" AGCTGCTTCCAGCGCTGGAAGAAGTCCTGGCTTGCCAT 3¥

A TT A G
5' AGCTGCTTCCAGCGCTGGAAGAAGTCCTGGGATGCCAT 3'.
A TT T G

Recombinant DNA techniques were generally those described by Mania-
tis et al. (1982). A bovine brain cDNA library constructed in Agtl0 was
kindly donated by A. P. Jackson and P. Parham (Department of Structural
Biology, Stanford University School of Medicine, Stanford, CA) (Jackson
et al., 1987). Oligonucleotides were end labeled with 32P and used to
screen 5 X 10° plaques, washing the filters in 2X SSC at 42°C. Positive
clones were plaque purified, digested with Eco RI to determine the size of
the inserts, and Southern blotted onto nitrocellulose. Radioactive probes
were made from the different inserts either by nick translation or by subclon-
ing into M13 mpl9 and synthesizing a radiolabeled second strand which
could then be cut with a suitable enzyme and gel purified.

A Agt11 mouse brain cDNA library, kindly provided by Y. Citri (Weiz-
mann Institute of Science, Rehovot, Israel) (Martinez et al., 1987), was
screened with the radiolabeled bovine brain inserts. Selected mouse brain
inserts obtained from this screen were subcloned into a Bluescript plasmid
vector (Stratagene Cloning Systems, San Diego, CA) for restriction map-
ping. Sequencing was carried out on consecutive and overlapping restriction
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fragments subcloned into M13 mpi8 or mpl9, using the dideoxy chain ter-
mination method (Sanger et al., 1977). To sequence the entire coding region
of both cDNAs in both directions, synthetic oligonucleotides were used as
primers to fill in the gaps.

Northern and Southern Blots

For Northern blotting, poly A-containing RNA was purified from mouse
brain and mouse liver by the lithium/urea method (Auffray and Rougeon,
1980), subjected to electrophoresis (15 ug/lane), and blotted onto Hybond
paper. The blots were probed with M13 fragments and washed at 65°C in
0.1x SSC. Poly A-minus RNA from each of the two tissues was used as
a control. Labeling of the tissues was quantified by cutting out the lane of
interest and measuring the radioactivity, and then subtracting the radioactiv-
ity present in a control lane as background. The mean ratios from three sep-
arate experiments were taken.

Southern blots were performed on genomic DNA purified from mouse
liver, using nick-translated restriction fragments as probes. Low stringency
labeling was carried out by incubating with the probe in 35% formamide
at 42°C and washing in 2 X SSC at 65°C, while the high stringency incuba-
tion was done in 50% formamide at 42°C, followed by a wash in 0.1x SSC
at 65°C.

Production of Fusion Protein

The Agtll phage containing both sequence 1 and 2 inserts were streaked out
onto a lawn of Y1090 host cells. Induction of fusion protein and labeling
of the filters were carried out as described by Huynh et al. (1983). The pri-
mary antibodies used for screening were a mixture of the monoclonal anti-
body ACI-M11 (Robinson, 1987) and an affinity-purified rabbit polyclonal
antiserum against total HA-II 100-kD proteins, prepared essentially as de-
scribed (Robinson and Pearse, 1986). Phage that produced a signal were
then used as lysogens to infect Y1089 cells (Huynh et al., 1983). Crude cell
lysates were subjected to electrophoresis and blotted, and the blots were la-
beled with ACI-M11 (Robinson, 1987).

In Situ Hybridization

Freshly dissected adult mouse brains were frozen in dry ice, and 12-um sec-
tions were cut using a cryostat. The sections were treated essentially as de-
scribed by Goedert (1987), except that they were pfocked with acetic anhy-
dride after the pronase digestion step, and extracted with chloroform after
serial dehydration in ethanol. Hybridization was carried out using single
stranded 2P-labeled M13 probes in a hybridization mix containing 50%
formamide for 16-20 h at 42°C, and the slides were washed in 0.1xX SSC
at 60°C. The probes were prepared by subcloning Hind III/Eco Rl frag-
ments (bases 2,719-3,298 for gene 1 and bases 2,449-3,096 for gene 2) into
both mpl8 and mpl9 and synthesizing a labeled second strand which was
then cut with Eco Rl (mp18) or Hind III (mpl9). The mpl9 probes were
thus in the antisense direction, while the mpl8 probes were in the sense
direction and were used as controls. The slides were exposed on Fuji x-ray
film for 3 d to make contact prints, and were then dipped in emulsion and
exposed for 2-4 wk before being developed.

Results

Isolation of Two Distinct cDNAs

The approach that was taken for cloning «-adaptin cDNAs
was to use oligonucleotides based on peptide sequences to
screen a bovine brain cDNA library. The NH,-terminal se-
quences of both proteins have been determined and are
known to be identical (Robinson, 1987). For internal se-
quencing, the a-adaptins were separated from (-adaptin by
hydroxylapatite chromatography in the presence of SDS
(Robinson and Pearse, 1986), digested with CNBr, and chro-
matographed on an HPLC column. Although there was some
overlap in the elution profile, five of the peptide peaks gave
useful sequence, and in some cases, both a major and a mi-
nor sequence could be determined. Table I lists the six se-
quences that were obtained.
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Table 1. Comparison of Bovine Peptides and Mouse Protein Sequences Deduced from the cDNAs

NH, terminus/Peptide 10:
Sequence 1:
Sequence 2:

Peptide 21:
Sequence 1:
Sequence 2:

Peptide 34"
Sequence 1:
Sequence 2:
Peptide 26"
Sequence 1:
Sequence 2:

Peptide 39:
Sequence 1:
Sequence 2:

Peptide 34:
Sequence 1:
Sequence 2:
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K QL SNPOQQEUVQ

Peptides 34 and 39 were both used to design synthetic oli-
gonucleotides, but only peptide 34, which later was found
to be nearer the COOH terminus of the protein, proved use-
ful for library screening. A mixed oligonucleotide was made
from this sequence, incorporating the first 12 amino acids
plus a methionine codon at the 5’ end. Nine positive clones
were obtained, with inserts ranging in size from 0.5 to 1.2
kb. Interestingly, they appeared to fall into two categories.
A probe made from the 0.5-kb insert hybridized well to itself
but poorly to all the other inserts, while a probe made from
one of the other inserts hybridized well to all but the 0.5-kb
insert. When some of the inserts were sequenced, the reason
became apparent: they coded for two different but closely
related proteins, both of which contained sequences nearly
identical to that of the peptide. Sequence 1 (Table I) differs
from peptide 34 in that it has an alanine substituted for the
serine at position 2 and an alanine for the valine at position
19; while sequence 2 has an asparagine substituted for the
leucine at position 14. (The substitution seen at position 16
in sequence 1 does not occur in the bovine cDNA; Table I
gives the mouse sequences 1 and 2.) For all but the ser/ala
substitution, both amino acids could in fact be detected on
the sequencer. The most likely explanation for this finding
is that the cDNAs are the products of two genes, one of which
codes for A and the other for C.

To obtain the complete sequences of the two proteins, a
mouse brain cDNA library was used because it had longer
inserts. The bovine brain cDNA inserts were used as probes,
and 20-30 positive clones were isolated for each of the two
transcripts. The sequences of the two mouse cDNAs are
shown in Fig. 1, as well as their predicted protein products.
A single screen yielded a clone containing the entire coding
sequence of cDNA 2, while for cDNA 1, the 5’ end of the
coding region was obtained by rescreening the library with
a Pst 1 fragment (bases 443-1,012) made from an insert ob-
tained in the first screen. Restriction mapping was carried
out on the longest inserts to look for possible polymorphisms

Robinson a-Adaptin ¢cDNAs

(e.g., alternative splicing). Although all of the inserts ob-
tained for cDNA 2 produced similar restriction maps, 4 of
the 15 cDNA 1 inserts that were mapped appeared to differ
at their 3’ or 5’ ends. Sequencing these inserts indicated that
they were the result of incomplete (rather than alternative)
splicing: typical splice donor or acceptor sites were seen,
and the putative introns contained in-frame stop codons.
Although the two cDNAs were cloned from mouse, all of
the bovine peptide sequences can be easily identified (see Ta-
ble I and Fig. 1). These include the NH,-terminal sequence,
beginning with the proline at amino acid position 2. The pro-
line is immediately preceded by methionine in both cases,
which probably serves as the initiator and is then cleaved off
in the mature protein. The few slight discrepancies between
the peptide and the cDNA sequences could be due either to
species differences or to contaminating peptides coeluting
from the HPLC. Moreover, some of the CNBr fragments of
A and C may have eluted at slightly different positions, caus-
ing some of the peptide sequences (e.g., sequence 26') to cor-
respond more closely to sequence 1 and others (e.g., se-
quence 39) to correspond more closely to sequence 2.

Sequence Analysis

Three protein databases were searched for proteins homolo-
gous to those encoded by the two cDNAs, but no significant
matches appeared. However, as shown in Fig. 2, the two pro-
teins are remarkably homologous to each other: 783 out of
934 amino acids are identical, and most of the substitutions
are conservative ones. The homology is particularly striking
towards the NH-terminus: only a single substitution (lys
for arg) is seen for over 100 amino acids. Least homologous
is the proline-rich region between amino acids 650 and 750
of sequence 1, where an additional stretch of 41 amino acids,
including 11 prolines and 10 acidic residues, occurs in se-
quence 1 with no correlate in sequence 2.

Partial sequences have also been obtained for the 3’ ends
of the two bovine cDNAs. Out of 93 amino acids in bovine
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-205 CGTCGCNGTCGOCGCCGTCRTCCAG

180 A TGAAGCTGAGCTCGCCGGTGCTCGC CTCCCC0GGL0GGCT

~150 "GCAGCCCAGCGAGC TOGGGGGEC TCIGE

~90 CCIX *CTTTCCGCCK TTGGAGCOGAGCCCTCCGCCATC

1 ATGCOGGCTGTATCCAAAGGCGATGGCATGOGTGGGE TOGCCOTGTTCATCTCCGACATCOGGAACTGCAAGAGCAMGAGGCTGAGATC
1 M P AV S XKGDGMBRGLAVFI SDIRNCIEKSTEKTEA ATE!TI

~“CGCCAGCCAGCCCCGOGCCOGTTORGRC

-90 CTAGGCGGCTCOGAGCTCEAGGGCTCTTCGGOGTGAC 06

1 ATGCOGKCCGTATCX GAGGCCTAGCGGTCTTCATCTCOGACATCC 'GAAATA

1 M 2 AV S KGDGMNRGLAYFISDIRNGCKSIKTEARATE?I

91 AAGAGAATAAACAAAGAACTGGC) TTGATGGCTA

91 AAGAGGATCAMCAAGGARCTGGCCAACATCCGTTCCAAGTTCA AAGGCC
31 KRINKELANTIRSTEKFIKGDIXALDTGYSZXTEKIKTYUVC

181 AAGCIGCTCTTCATATTCCTGCTTGGCCATGACATIGACTT TGGACATATGGAGGC COTGAACCTGCTAAGCTC TAACAAGTACACGGAG
60 K L LFZITFULLGHDTIDFGHEMEHARMANMVYNTLTLSSHNTEKTYTTE

271 ANK TGTTCATCTCAGTCC TCAGAACTGATCCGGCTCATCAACAACGCTATS C
SIKQIGYLFISVLVNSNSELXRLXNNAIKNDL

1 GCCAGTCGCAACCCCACCTTCATG TGCCTGGCCTTGCACTGTATCGCTANS o GAGGCTTTTGCTGCAGAL
IZIASRNP‘IFHCLALEC!ANVGSRIHG!AI‘AAD

\TTCCCOGAATCCTGGTGGCTGGGGAC) SCIACTGOGACTCTACAAGGCCTOGCCT

JIKRINKELANIRSKFRGDKALDGYSKKKYVC

181 AAATTGCTCTTCATCTTTCTCCTTGGIC TGACTT AC TGTGAATCTTCTGAGS GGAA
61 K L L F I FLLGUHBDTIDTFOGHMEA AVNLTLSSNE RTYTETE

271 ANGC TACCTTTTCATCIX TOGAA

99 K QI G YLFI SVLIVNSDNSELTIRLTINNAILIKNTELDTL

361 GCCAGCOGCAATCCTIN TCGCCCTGCACTGCAT TTCGCOGGAGAG
121ASRNPTI’HGLAL!CIANVGSI!HAIAYAG!

1 Al
1511PllLVAGDSHDSVRQSAALCLLRLYRASP

541 GACT GGCAL GC AGC “ACAGCTGCTGTCAGCCTC
IBXDLVPHGZWTARVVHLLNDQHHGVVTAAVSL

451 ATCCCCANGATCCTX AGAGCGLAGELS TACGCX "ATCACCT
151 1 P X I L VAGDTMNDSVEKOQSAALTCTLLRLYRTS?®P

$41 GACCTAGTTCCCATGGGOGACTGGACATC TOGTGTGG TACACCTCC TCAA TGACCAGCACTTGGGGGTAG TGACTGEAGCGACTAGCCTC
181 D L VP KGDWTS RVYVHELLNDOQHLGVYVVTAATS STL

631 ATCACCTIGTCTCTGL GGATGACTTCAAGACCTGTATCTCCCTGHL TOGCTTAAGC TCCTOAGC

631 ATCACCACCCTGGCCC ANGACCTCIGTCTCGCTAGCTGTCTOGOGAL GTCTGCA

2 I T CLCKKNPDDTPFR KTCISLAVSZRLSRIVSSA

JCCTGGCTCTC

1 TCCACTGACCTCCAGGACTACACTTACTACTTCGTTCCTGCAC XGGCTGCTCC CCACCA
2(1STDLQDYTYYFVPAPHLSVKLLRLLQCYPP

TGGAGACTGTGCTCAN ‘CTCCCAAGTCS

271PEDAAVKGRLVECL!TVLNKAQEPPRSllV

901 CAGCACTCCAACGCCANGAACGCTATCCTCT T TGAGACCATINGCCTCATCATCCACTATGACAG TGAGCCCAACC TCCIGGTCRGOGAC
301 0 H S NAKNAILTFETTISLIIHYDSETPNTLTLVHA A

991 TGCAALCAGCTGGGCC "TCCTGCAGCALC CIGOGCTACCTGGCCC
331CNQLGQFLQHIETNLRYLALESHQTLASS!

2111TTLAOKNPEEPKTSVSLAVSRLSIXVTSA

721 TCAACNGATCTTCAGGATTATAC TTACTACTT TG TCCOGGCTCCTTGGC TG TCAG TCAMGC TTC TGAGAC TGCTGCAGTGCTACCEACCT
241 S TP LQDVYTY YV FVPAPWILSVEKLLTRLLQCYZPFP

811 CCAGACCCTGOGGTGOGTGGCCGCCTEACTGAG TGC T TGGAGALCATCCTGARCAAGGCCCAGGAGC CACCCAAGTCOCAAGANGGTCCAG
21 P D P AVRGRLTETCLTETTILNIEKAQETPTPEKSTEKTEKT YGQ

901 CATTCAMATGCCAAGAACGCTGTGCTGTTTGAGGCCATCAGCCTGRATCATCCACCATGACAG TGAGCCAAMC TTGCTOGR TCOGOGECTGE
301l H S NAKNAVLFEATLISLTITIEHEBDSETPNTLTULVRAC

991 AANCCAGCTGGGOCAGTICCTGCAGCAC CGGGAGACGACC TACGCTACCTGGCTY TCTGAGTTC
3 N QL GQFLQHRETNLRYLALETSMHKCECTLASSET

1081 TCCCAC GGTCATCAATGLC “GOGCAGTGGAS

1081 TTCTCCCACGAGGCCOGTCAMGACCCA "CCTCAAGACGGAL CIX GCT
361FSHEAVKTHIDTVXNALKTERDVSVRQRAA

1171 GATCTCCTGTATK CGGAGCARTGCC) T CTGGAGACTGCTGACTATGCCATC
91 D L L YAMCDRSNAKGQTIVSEMLRKRYTLETADYAT:

1261 ¢ 6T “CATCCTGK AGTGGACTACAGCTGGTACGTGGACACCATCCTCAACCTCATC

421 R E EI VL KVAILAEEKTYAVDYSWYVDTTIULNLI

1351 CGCATCGOGGGOGAL AGATCGTCACCAACK
451RIAGDYVSEEVHYRVLQlVTNRDDVOGYAA

%ISRBAVKTHI!TVINALKTERDVSVIQIAVD

1171 CTGCTCTACGCCATGTGTGACCGGAGCARCGCCCAGCAGATTGTGGC TGAGATGCTGAGC TACC TAGAAACGGC TGACTACTCCATCCGR
31 L L YA M CDRSNAQOQIVAEMNTLSYLETADYS STIHR

1261 GAGGAMATTGYGH CATCCTGGCTGAS *ACCATCCTCAACCTCATCOGE
4215EIVLKVAILAEKYAVDY?HYVDTXLNLIR

1351 ATOGCGGGOGAL *CGCGTCATCC ATCAATC TATGCTGCCAAG
81 I A G DYV S EEVWYRVIQIIVYVYINRDDVQOGYARAEK

1441 CCTCCAGGCCCCAGCCTGI TACATC

1441 ATTGCAGGOGCCAG TIGGTC YGGCTACATCC TTGATA

481KTV!EALQAFACEENKVKVGGYILGEFGNL

451TVFEALQAPACHENLVKVGGY!LGEFGNLI

1531 ATTGCTGGGGACCCACGC TCCAGCCCACCAGTGCAGTTCTCGCTGC TGCACTCCAAGTTCCACT ‘CACCCGLGCTCTG 1 GCTGGGGACCCACGATCCAGCCCTCTGATCCAGTTCAACCTGCTCCACTCCAGTTCCACT TG TGCAGCGTCCOCACTCGGGCAC TCCTS
S11 1 AGD PR S SPPVQPFS5LLHESKTFHLCGCSVATRAL SIIAGDPRSSPLIQFNLLHSKFHLCSVPTRALL
1621 TIGCTGTCCACCTACATCAAGTTCATCAACCTCTIOCT TGCGTGCCGGCTOCCAGCTGCGA 1621 CTGTCCACCTACATC CTCTTTCC PACCATIX

5‘1LLSTYIKI‘INLFP!TIATIQGVLRAGSQLI 5‘1LSTY!KrVNLFPEVlAT!QDVLISDSQI’.KN

*CTCACCCTCAGL ACCGATGTTCTGA

1711 GOOGAS ACTGTCGCCAGCACTGACATCCTGGCARCTG TS

571NADVELOQRAV!YLTLSSVASTDVLATVLl

1801 GAAATGCCCCCATTTCCCGAGCGGGAGTCGTCCATCTTGGC CAAGC TGAAGCGCAAGAAGGGC CCTGGGGCAGCCAGTGCC CTAGATGAC
601 E M P P FPERESSILAEKLTEKRKEKSGTPGAASALTDTPD

S71ADV!LQQIAV!YLILSTVASTDILATVLII

GOLHPPPPERESS!LAKLIKKKG!STVTDL!BT

1891 AGCOGC "COCAGCAL GACCCOCTCACCCTCOGCGRACCTC

SBISIRDTSSNDINGGV!PTPSTVST!SPSADL

1981 TTAGGGCTGOGGMC "CCCCTGCTGCACTOCX GGGAACCTCC TTCIC “CACT

661 L G L RAAPPPAAPPAPVGGNLLVDVESDGPT

"GAAG(
631lltls!DVNGG!!!VFASTSAAST!SPSAD

1981 CTGCTGGGTCTGGGGGC0G TGCCOCCTGC TCOCACGGGGCCCCCICCCTCCTC TOGOGGCOGGC TGC TG TGGACGTGTTCTCAGACTCA
661 L L G L GAVPPAPTGE®PPSSGGGLLVDYTYFSDS

2071 GCACAGOCC “CCALTCK CC TGGAGCCCCCTGC OO T
691AQPSLGPTP!IAI’LSELBPPA?!SPHALLA

2071 GCTIC ACCTCTTGCACCOGGCTS TTGCC OCAG
691 A S A VA P LAPGSEDNTEARTEPVYVCEKNNGVYVLFERDZYQ

2161 GACCCAGCTOCAGE "CTGAGGAS SCCTCOCATTCCAGANGS
721 D PAPAADPGPEDTIGEPPIPEADTETLLNEKTPEFVYVCE

2161 CTGCTTCAAN T -
7. L L. Q I G L XS EP?RQNLGRMNTFIT?YGNKTSTOQT?PL

2251 TGCTGK AAGTCTGAGT TCTTCIAT 2251 ARCTTCACTOCMCACTATCTGTGCTGACGACCTTCAMS XOG0G0C
7% N $ G VLPFENGQLTLGQIGVEKSETFROQNLGRMNYLTZ?Y 71 N TP TLICADDLO QTNLNLOTIKTEPUVD ! TVDGSG
C TTCTTGCOCAC 2341 GOAC TGAT “TCAACATC

2341 GGCAACAAGACT' ATCC TCC "CANG.
71 G NKTSVQFQNTP?LPTVVEHEPGDLOQTOQLAVQTHEK

GGCAC GETGGOGK AGCA TGOGAGACTTCC GCOGK

M AQVQQVVNIECTI SDPFTEAPVLNIOQTFZRYGGT

2431 ¢ AGTACTCARC CACTCTTG
811 R VA AQVDGGAQVQQVLNTIECLRDTFLTEPPLL

2521 TOGGTGCGCTTCCGGTACGGTGGCACCGCCCAGTCCCTCACTCTGANGCTCCCAG TGACCATCAACAMTITC T TCCAGCCCACAGAGATG
841 S VR FRYGGTAQSLTLIEKLEPVTTINEKTEITFOQPTEHN

2611 & TTTITCC AGCTGAGCCTCCOCC TTCAAGCCAACCACCS

TTCCCATCACTS YCAGCO TIC

BIIPQHVSVKLPITLNIPFQFTEKAS D rrFr R W

2521 AAGCAGTTGAGCAATCCACAGCANGANGTGCAGHATATCTTCARAGCAAAGCATCCGATGGACACAGAGATCACTAAGGCAAGATTATT
841 K Q L S N P Q QEVQNTITFTKAKHPHNEDTEITKAEKTITI

CGAATCCTGCAAATTTC AATACACALC CACCCAGATT

871 A A Q D F F QR WEKOQL S L PLOQEAMNT QN KTITFZEXAREBSETPMNMNTD

2701 & TCTGCTCTTCTGGAC CARCCCTGAGAAC TGGA

57lGrGSALLEEVDPNPANPVGAGIIHTKTTQI

GCC “AAGCTC TCACCTTGOGTACCAGCAAGACALS T

901Atv1‘KAKLLGFGSALLDNVDPN!:I‘!‘VGAG

2791 ATCATCK SCOTGC

1 GGCTGCTIGTIGES
901GCLLRLEPNLQAQHYRLTLRTSKDTVSORL

GTCICICTIGTCICICTCGTTIGTCTTT

931 I I QT KA LQVGCLLRLEPNAQAQMNYRLTLRT

931CELLS!QP'

2881 AGCAAAGAGCCTGTCTCCCGTCM TGCTGGCCCAGCAGTTCTGAGCCC TTGOC *CAGG 2881 GTACCAC ACCCC T TG TC TGAAAACTGCCATTCAGGGCACCTCCAGGLS X
961 S K E PV S REBLCETLTLAQ®QT?F *
2971 C GTC .
2871 AGC TCCAGTGGOGAC] X TG
3061 - 3061 GGTTCAACCTAC TAGAA

3151 GTCOCCOGAAGCAL

3241 ATCCAGGGGCCGTGTATTATIGTGAGCGAATAANCAGAGAGACGCTAAMAAA

*CCOCTTONS TCCCOCTTOCTCCCTTTCCCS

Sequence 1

Sequence 2

Figure 1. Sequences of the two mouse brain cDNAs and their predicted protein products. The underlined regions of the proteins correspond
to the peptides that were sequenced (see Table I). Sequence 1 has a polyadenylation signal and a poly-A tail, and thus has a complete 3

untranslated region.

sequence 1, 90 are identical to those in mouse, while 322 out
of 333 amino acids are identical in sequence 2. These
findings are consistent with results obtained from monoclo-
nal antibody studies: most but not all such antibodies made
against the bovine adaptins cross-react with rat and human
(Robinson, 1987).

The two proteins contain some unusual features, including
the proline-rich acidic part of sequence 1 referred to earlier,
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some clusters of basic amino acids at positions 55-57 and
615-620, and a long predicted a-helical domain between
amino acids 350 and 450. There are no hydrophobic stretches
long enough to span a lipid bilayer, consistent with biochemi-
cal data which indicate that these are not integral membrane
proteins. Several potential phosphorylation sites for either
calmodulin-dependent protein kinase (e.g., amino acids
381-384) or protein kinase C (e.g., amino acids 24-26) can
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Figure 2. Comparison of the predicted protein sequences of the products of cDNA 1 (above) and cDNA 2 (below). The two proteins are
84% identical, with regions of greater and lesser homology. The NH, termini are especially similar; while towards the COOH termini,

an additional stretch of 41 amino acids is inserted into sequence

be identified in the two proteins. Although it is not known
which if any of these sites are used, studies have shown that
at least some of the adaptins are phosphorylated in vivo
(Keen and Black, 1986; Bar-Zvi et al., 1988).

Identity of the Two Encoded Polypeptides

Assuming that one of the two cDNAs codes for A and the
other for C, which is which? Two lines of evidence indicate
that cDNA sequence 1 codes for A and cDNA sequence 2
for C. First, the predicted molecular weight of the protein
product of cDNA 1 is 107,605, while that of cDNA 2 is
104,017. Apparent molecular weights of A and C based on
their mobility on SDS gels vary according to the gel system

Robinson a-Adaptin ¢DNAs

1.

used, but A consistently migrates more slowly than C, with
molecular weights estimated at ~112,000 for A and 105,000
for C (Pearse and Robinson, 1984; Ahle et al., 1988).
Second, we have shown that C is expressed in many differ-
ent tissues, while A has so far only been detected in brain
(Robinson, 1987). To find out whether either of the two
cloned cDNAs is brain specific, mRNA was purified from
mouse brain and mouse liver, and equal amounts of each
were subjected to electrophoresis and blotted. The blots were
then probed at high stringency with labeled fragments from
the 3’ end of inserts containing sequences 1 and 2 (Fig. 3).
The probe for sequence 1 labeled a single band in each tissue
of 4,5 kb, while the probe for sequence 2 labeled two bands
in each tissue, of ~4 and 5.5 kb. Both probes labeled brain
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Figure 3. Northern blots carried out on mouse liver and mouse
brain. Poly A-selected RNA was probed at high stringency with an-
tisense DNA from the 3’ ends of the two cDNA: bases 2,719-3,298
for sequence 1 and 2,449-3,096 for sequence 2. Positions of rRNA
bands are indicated.

more strongly than liver, but when the labeling was quanti-
fied it was found that expression of sequence 2 in liver was
56% of that in brain, while expression of sequence 1 was
only 9% . Western blotting of whole tissue homogenates indi-
cates that C is more abundant in brain than in liver (Robin-
son, 1987), consistent with sequence 2 coding for C; but the
finding that a small amount of sequence 1, presumably cod-
ing for A, is expressed in liver as well as in brain was unex-
pected. It may be that the amount of A produced in liver has
so far escaped detection by Western blotting.

Another possible way of identifying the two cDNAs is by
using monospecific antibodies to study their protein prod-
ucts. Since the cDNAs were cloned in the phage Agtl1, which
can be used as an expression vector, there was a chance that
some of the DNA might be inserted in such a way as to allow
the expression of fusion protein. Accordingly, the phage
were grown in a suitable host and the plaques tested for the
presence of antigen. Two of the phage containing sequence
1 produced plaques that could be labeled both by an affinity-
purified polyclonal antiserum and by monoclonal antibody
ACI-M11, which recognizes both A and C (Robinson, 1987).
Fig. 4 shows a gel and Western blot of Escherichia coli cells
after a lysogenic infection with one of the two phage, labeled
with AC1-M11. Although several labeled bands can be seen
on the blot, indicative of proteolysis, the highest band runs
with the mobility predicted for this particular construct. As
expected, neither of the two C-specific monoclonal antibod-
ies, which recognize different epitopes from each other
(Robinson, 1987), labeled protein encoded by sequence 1.
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J— Figure 4. Western blot of bacteria express-
69» o ing sequence 1. Cells were lysogenically
- infected with a A-gtl1 phage carrying part
of cDNA sequence 1 fused to the 8-galac-
tosidase gene, and the blot was probed
with a monoclonal antibody against the
46 » a-adaptins. Positions of molecular mass

standards are indicated. The highest mo-
lecular mass band labeled with the anti-
body is ~180 kD, which is the predicted
size for this particular fusion protein.

Although a positive result would be more meaningful than
a negative result for this experiment, unfortunately none of
the cells infected with the sequence 2-containing phage pro-
duced any detectable antigen. Nevertheless, the finding that
protein encoded by sequence 1 reacts with antibodies against
the «-adaptins provides additional and independent confir-
mation that the correct cDNA has been cloned.

Search for Other Genes

Are there any other genes that are homologous to those cod-
ing for A and C? When the bovine brain library was screened
with oligonucleotides, only cDNA sequences 1 and 2 were
isolated, but it is possible that the codon bias of the oligonu-
cleotide prevented the detection of other, related cDNAs, or
that such genes might not be expressed in brain. Thus,
Southern blots of mouse genomic DNA, digested with five
different restriction enzymes, were probed with 800-900-bp
fragments derived from the 5' ends of sequences 1 and 2 un-
der both high and low stringency conditions (Fig. 5).

At high stringency (Fig. 5, a and ¢), both of the probes pro-
duced fairly simple patterns, generally labeling one band
strongly with weaker labeling of one or more additional
bands, although only a single band is labeled in the two Eco
Rl tracks. These results indicate that there is a single copy
of each of the two genes in the mouse genome, but that both
genes contain restriction sites for most of the enzymes. In
some cases, restriction sites can be found in the coding re-
gion (for instance, both cDNAs contain Pst 1 sites near the
5' end), while in other cases, the restriction sites presumably
occur in introns.

At lower stringency (Fig. 5, b and d), each of the two
probes labeled additional bands, but essentially all of these
bands can be accounted for by cross-hybridization between
the two genes. For instance, in the Hind II tracks, both of
the probes labeled a heavy band and a light band at high
stringency. At low stringency, an additional band appears in
each of the Hind III tracks (Fig. 5, b and d, asterisks), and
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Figure 5. Southern blot of mouse genomic DNA probed at high and
low stringencies. Mouse liver DNA was cut with the indicated re-
striction enzyme, and the blots were probed with fragments from
the 5' ends of the two cDNAs: bases —205 to 708 for sequence 1
(a and b) and —150 to 683 for sequence 2 (c and d). High stringency
labeling is shown in a and c; low stringency labeling is shown in
b and d. Asterisks in b and d indicate bands appearing at low strin-
gency in the Hind III track which can also be seen at high stringency
with the other probe.

it exactly corresponds in size to the heavier band seen at high
stringency with the other probe. Because no strong new
bands appear, it seems unlikely that there are any other
a-adaptin genes in mouse.

Localization of Transcripts

What function is served by having two different a-adaptins,
one of which is mainly expressed in brain? One way of ap-
proaching this question would be to find out which cells in
brain express sequence 1 and which express sequence 2, and
whether the same cell can express both genes.

To localize mRNA for each of the two sequences, in situ
hybridization was carried out on mouse brain sections, using
antisense DNA as probes. Two pairs of consecutive serial
sections are shown in Fig. 6, labeled with probes for se-
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Figure 6. Contact prints of mouse brain sections hybridized in situ
with probes for sequence 1 (a and c) and sequence 2 (b and d). Two
pairs of consecutive serial sections from different parts of the brain
are shown. The probes were the same as those used in Fig. 3. Ar-
rows point to part of the dentate gyrus of the hippocampus (long
arrows) and the habenular nucleus of the thalamus (small arrows)
where differences in the intensity of the labeling can be seen.

quence 1 (Fig. 6, a and ¢) and sequence 2 (Fig. 6, b and d).
Both probes labeled some parts of the brain more strongly
than others, with the hippocampus, cerebral cortex, olfactory
bulbs, and cerebellar grey matter particularly in evidence.
These are all regions where neuronal cell bodies are concen-
trated, indicating that both genes are expressed in neurons.
However, some differences can be seen in the two labeling
patterns, one of which is indicated by the arrows. The long
arrows point to part of the dentate gyrus of the hippocampus,
while the short arrows point to the habenular nucleus of the
thalamus. The probe for sequence 2 labeled both of these
structures with about equal intensity, while the probe for se-
quence 1 gave relatively little labeling of the habenular nu-
cleus. Control sections (not shown), which were incubated
with sense DNA, showed only very faint uniform labeling.

The same slides were dipped in emulsion for resolution at
the cellular level. Fig. 7 shows another region of the hip-
pocampus from the same sections that appear in Fig. 6, a and
b. Both probes strongly labeled the cells of the hippocampus,
but the relative labeling of the two different cell types, the
pyramidal and granule cells, differs in Fig. 7, a and b. The
probe for sequence 2 (Fig. 7 b) labeled the pyramidal cells
much more strongly than the granule cells, while the probe
for sequence 1 (Fig. 7 a) labeled both types of cells more
equally. Thus, the two genes appear to be expressed in the
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Figure 7. Microscopic view of the sections shown in Fig. 6, @ and b. The granule cell layer (G) and pyramidal cell layer (P) of the hip-

pocampus are indicated. Bars, 100 um.

same populations of neuronal cells, but their relative expres-
sion differs in different cell types.

Discussion

Previous studies on the adaptins have made use of protein
chemistry and monospecific antibodies to try to define the
different types of proteins and their functions. In spite of the
progress that has been made, many basic questions, such as
how many different adaptins there are and how they are
related to each other, have remained unanswered. By cloning
and comparing the cDNAs coding for proteins, one can ad-
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dress such questions directly; and in addition, tools then be-
come available for learning more about protein function.
Adaptins a, and oc are the first to be characterized in this
way.

Before the cDNAs were cloned, there seemed to be a good
chance that A and C would turn out to be alternatively
spliced products of the same gene. The two proteins had been
shown to be closely related, with identical NH.-termini;
and there were precedents for brain-specific splicing giving
rise to a larger protein (Martinez et al., 1987; Jackson et al.,
1987), consistent with the finding that A was only detectable
in brain. However, the present study shows that the two pro-



teins are in fact encoded by two different genes. The two
predicted protein sequences are highly homologous, sharing
the same NH,-termini as well as the five other peptides that
were sequenced; and both the similarities and the differences
that were observed in the two sequences are entirely consis-
tent with biochemical and immunological results.

Three lines of evidence indicate that, of the two cDNAs
that were cloned, sequence 1 codes for A and sequence 2 for
C. First, sequence 1 encodes a larger polypeptide than se-
quence 2. Second, expression of sequence 1 in brain is about
tenfold greater than in liver, while expression of sequence 2
is about twice that in liver. Finally, the protein product of se-
quence 1, expressed as a fusion protein, is recognized by an-
tibodies that cross-react with A and C, but not by C-specific
antibodies.

A computer search showed no significant homologies be-
tween the a-adaptins and any published protein sequences,
nor has any homology been revealed so far between the se-
quences of the « and $-adaptins. One might expect y-adaptin
to be somewhat related to «, since it is thought to play an
analogous role in the HA-I Golgi adaptor. However, it ap-
pears that A and C have no very close relatives, and thus are
probably the only two «-adaptins. Southern blotting carried
out under low stringency conditions, so that A and C are
cross-hybridized to each other, did not reveal the presence
of any new genes. Moreover, restriction mapping provided
no evidence for alternative splicing within the coding region
of the two genes. Thus, the observation that both A and C
split into two bands on some gel systems (Ahle et al., 1988)
is most likely due to posttranslational modifications such as
phosphorylation. Interestingly, Northern blotting indicates
that there are two species of mRNA for C. None of the clones
that were isolated for C had a complete 3’ end, as judged by
the lack of a poly-A tail, but one such clone had a 3’ untrans-
lated region of 1.5 kb; thus, this particular mRNA species
must be over 4.5 kb. Since the two bands seen on Northern
blots are ~4 and 5.5 kb, it is possible that there may be alter-
native splicing at the 3’ untranslated end.

What, if any, are the functional differences between A and
C? The only clue available at present is that A is primarily
expressed in the central nervous system. However, although
Western blotting has so far only detected A in brain and spi-
nal cord (Robinson, 1987; and unpublished observations),
Northern blots of liver mRNA show a small but reproducible
amount of transcription of A as well as C. It is possible that
only a subset of cells in liver express A: for instance, nerve
cells, although the level of expression of A in liver seems to
be too high to be attributable to nerve cells alone. In the case
of brain, it has been possible to compare the overall distribu-
tion of the two messages by in situ hybridization. Both were
shown to be most abundant in areas where neuronal cell bod-
ies are concentrated. Moreover, one can conclude that the
same neuronal cell types (e.g., the pyramidal cells of the hip-
pocampus) express both genes, although the relative expres-
sion of the two genes varies according to cell type. Thus, al-
though higher resolution studies are needed, it seems likely
that the same cell can express both A and C. It is not clear
how a cell would benefit from the coexpression of two closely
related «-adaptins, but one possibility is that the proteins
may be used to form two functionally distinct populations of
endocytic coated vesicles. For instance, one a-adaptin may
be used at the synapse and another in the rest of the cell, or
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they may even be found in the same part of the cell but in
different coated vesicles. Antibodies are now being made
against synthetic peptides in order to compare the distribu-
tion of the two proteins in brain. It will also be important to
find out whether A is translated in other tissues such as liver,
and if so, whether it is present in the same coated vesicles
as C.

It is known that different adaptors associate with different
membrane compartments, but precisely how they do so is not
clear. Pearse has shown that adaptors bind to the cytoplasmic
tails of selected transmembrane proteins, such as the recep-
tors for mannose-6-phosphate and low density lipoprotein
(Pearse, 1985, 1988), but it seems unlikely that they are an-
chored by this interaction alone. The same proteins that are
concentrated in coated pits on the plasma membrane are ap-
parently excluded from coated pits during their biosynthesis
when they pass through the Golgi apparatus (Griffiths et al.,
1985). If adaptors were targeted to a particular membrane
compartment solely through their binding to receptor tails,
one would expect HA-II adaptors to be recruited to the Golgi
apparatus as well as to the plasma membrane. Thus, it seems
that there must be another docking mechanism to ensure that
adaptors always go to the appropriate organelle. Clearly,
more protein chemistry is needed to determine how the
different proteins in the adaptor complex associate with each
other, as well as with other components of the coated vesicle
such as clathrin, receptors, and possible docking sites. The
ability to express the cloned cDNAs in E. coli, where they
can be experimentally manipulated, should be useful for
such studies.

In addition, it should now be possible to learn more about
adaptor function by expressing the a-adaptin cDNAs in tis-
sue culture cells. With such an approach, one could try to
create dominant mutants, or look at the role of phosphoryla-
tion, or find out whether the two a-adaptins are interchange-
able by expressing A in cells that ordinarily only make C.
Moreover, if y-adaptin turns out to be related to the «-adap-
tins, as predicted, one could construct chimeric proteins to
try to find out more about how they are targeted to the appro-
priate membrane compartment. For although we are begin-
ning to understand something about how adaptors function
in the sorting of other proteins, we still know nothing about
how they themselves are sorted.
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